Graphical Abstract Highlights d CRYPTOCHROME-independent light input synchronizes key circadian pacemaker neurons d In the absence of norpA, Plc21C mediates this novel light input d Rhodopsin 1, Rhodopsin 5, and Rhodopsin 6 can signal via this Gq-dependent pathway d The same pathway mediates ERG responses from R8 photoreceptors in norpA mutants SUMMARY
In Brief
Light synchronization of the Drosophila circadian clock relies on cryptochrome and rhodopsin photoreceptors. Ogueta et al. reveal that rhodopsin signaling to the clock involves non-canonical phototransduction, which synchronizes key circadian pacemaker neurons and behavior. In the eye, the same pathway can mediate ERG responses to brief light pulses.
INTRODUCTION
Circadian clocks regulate the physiology, behavior, and sleep of organisms in a rhythmic daily fashion. Proper timing of these parameters contributes to overall fitness, and it is, therefore, crucial that circadian clocks are accurately synchronized with the environmental time, dictated by the natural daily cycles of light and temperature [1] . Absence of any environmental time cues reveals the endogenous nature of circadian clock function, realized by rhythmic expression of clock genes. In Drosophila, the key clock genes period and timeless are rhythmically activated by CLOCK (CLK) and CYCLE (CYC), transcription factors belonging to the basic-helix-loop-helix (bHLH)/PAS domain family [2] . Period (PER) and Timeless (TIM) proteins accumulate in the cytoplasm, whereby PER is stabilized by dimerization with TIM. Eventually, PER and TIM translocate to the nucleus and block CLK/CYC activity to shut down their own transcription until eventual degradation of PER and TIM restarts the cycle [2] . These molecular oscillations can be synchronized to the environment by light-induced degradation of TIM, which is mediated by the blue light photoreceptor cryptochrome (CRY) [3, 4] . Upon light exposure, CRY undergoes a conformational change, allowing it to bind to TIM and the F-box protein JETLAG, resulting in the proteasomal degradation of TIM and CRY [5] [6] [7] [8] [9] [10] . Because PER stability depends on the presence and binding to TIM, this pathway efficiently resets the circadian clock to light.
Although the circadian clock mechanism operates in many cells throughout the body, only a few neurons in the fly brain ($150) express clock genes. These interconnected ''clock neurons'' form a neuronal network that regulates the fly's daily behavioral activity rhythm, representing the best studied output rhythm controlled by the clock [11] . Based on the position within the brain and expression of the neuropeptide Pigment Dispersing Factor (PDF), clock neurons are subdivided into PDF-expressing small and large ventral lateral neurons (s-LNvs and l-LNvs, respectively), the fifth PDF-negative s-LNv, the dorsal lateral neurons (LNds), the dorsal neuron groups 1, 2, and 3 (DN1, DN2, and DN3), and the lateral posterior neurons (LPNs) [11] . The l-LNvs are important cells for the regulation of sleep and arousal behavior and are thought to propagate light input to the clock [12] [13] [14] [15] . The s-LNvs are the key neurons driving behavioral rhythms in constant darkness [16] but also regulate anticipatory behavioral activity at dawn, which is why they were also coined Morning (M) cells [17, 18] . The fifth s-LNv and LNd represent the Evening (E) cells, which are important for anticipatory behavioral activity at dusk. The DNs form heterogeneous groups of neurons that receive circadian signals from the other clock neurons but also receive and deliver light and temperature information to the network [19] .
CRY is expressed in about 50% of the central brain clock neurons, including all of the LNvs, and subsets of the LNd and DN1. Apart from CRY, circadian clock resetting of behavioral activity and the underlying molecular rhythms in clock neurons is mediated by the compound eyes, the Hofbauer-Buchner eyelet (H-B eyelet), and the ocelli, e.g [4, [20] [21] [22] [23] . At least six different rhodopsins are expressed in the various visual photoreceptors. The major Rhodopsin 1 (Rh1) is present in the outer photoreceptors, while Rh3-Rh6 are expressed in the inner photoreceptors (Rh3 and Rh4 in R7 and Rh5/6 in R8). Rh6 is also the opsin expressed in the H-B eyelet, while the ocelli only contain Rh2 [24, 25] . The expression pattern of the recently characterized Rh7 is less clear, as different studies report expression in the s-LNv and LNd [26] , or within the subset of the DN1, and the R8 and H-Beyelet photoreceptors [27] , respectively.
Flies lacking CRY can still synchronize their circadian clock to light-dark (LD) cycles, and the same applies for visually blind flies lacking norpA-encoded phospholipase C-b (PLC-b), an essential enzyme in the canonical phototransduction cascade operating in the visual photoreceptor cells [4] . When visual phototransduction is blocked in parallel with removing CRY (e.g., in norpA P41 cry b double mutants), flies lose the ability to synchronize to low light intensities (5-16 lux); nevertheless, they remain able to slowly synchronize to higher light intensities (400 to 1,000 lux) [4, 22, 28, 29] . In line with these behavioral observations, s-LNvs, LNds, and DN1s exhibit light-synchronized clock protein oscillations in the absence of CRY [4, 20, [30] [31] [32] . Moreover, s-LNvs of norpA P41 cry b mutants can still be synchronized by LD cycles, suggesting that the LNds receive norpA-dependent, and the s-LNvs receive norpA-independent, visual system light input [20, 31] . Szular et al. (2012) showed that Rh5 and Rh6 contribute to norpA-independent behavioral synchronization, raising the exciting possibility that these rhodopsins can use alternative phototransduction pathways and that they are responsible for the CRY-independent light synchronization of TIM and PER expression in the s-LNvs [20, 28] .
Here, we tested this hypothesis by combining different rhodopsin and phototransduction mutants with the norpA P41 cry b double mutant. We show that norpA-and cry-independent light input specifically targets the s-LNvs by mediating lightdependent degradation of clock proteins within these neurons. norpA-and cry-independent molecular and behavioral synchronization depends on Rh1, Rh5, and Rh6 and also requires Gq as well as the second Drosophila PLC-b, encoded by Plc21C. Electroretinogram (ERG) recordings from the same mutants reveal residual norpA-independent light responses that depend on Rh5 and Rh6 expressed in R8 photoreceptors as well as on Gq and Plc21C.
RESULTS

norpA-Independent Circadian Clock Resetting Requires Gq
As a measure of circadian clock synchronization to light, wildtype and mutant flies were raised in 12-hr:12-hr LD cycles (lights on at 9 a.m.) at a constant temperature of 25 C and 60% relative humidity. During the light part of these LD cycles, 3-to 5-day-old males were individually loaded into glass tubes, and locomotor activity was monitored for 4 days using the same LD cycle (i.e., lights on at 9 a.m.), except that now, light intensity was gradually ramped from 0 to 180 lux and back, using white LEDs (see Figure S1 for light profile and LED spectrum). We avoided using higher light intensities to prevent potential light-independent activation of rhodopsins [33] ). To ensure that all mutant (potentially ''circadian blind'') genotypes become synchronized during the first 4 days of the experiment, we applied a 25 C:16 C temperature cycle combined with the LD cycle (temperature increase at 9 a.m.). During these conditions, wild-type flies exhibit typical bimodal or crepuscular behavior, with activity peaks in the morning and evening (Figure 1A ) [34] . After 4 days of exposure to these combined LD and temperature cycles, a clear synchronized activity peak in all genotypes could be observed (Figures 1 and 2) . In contrast to the wild-type controls, most of the visually impaired mutants exhibited a slowly advancing or broadened evening activity peak, which is reminiscent of the wild-type activity peak after exposure to 25 C:16 C temperature cycles in constant darkness (DD) (e.g., Figures 2A-2D ) [34] . Although this preferential synchronization to temperature already indicates deficits in light resetting, the synchronized activity peak allowed us in the following to analyze how many days the various genotypes require to resynchronize their behavioral activity pattern to a 6-hr delay of this LD cycle (where the temperature was kept constant at 25 C). Flies were exposed for 7 days to the shifted LD cycle (mimicking a rapid westward time zone shift of 6 hr) before being released into DD conditions at constant 25 C. As previously reported, wild-type flies and norpA P41 mutants require only 1-2 days for resynchronization, whereas cry b and norpA P41 cry b double mutants require at least 5 days [28, 29] ( Figures 1A-1D , 2A, and 2E). Additional removal of Rh5 and Rh6 function (norpA P41 Rh5 2 Rh6 1 cry b ) abolishes the ability to resynchronize completely, confirming that Rh5 and Rh6 operate in a norpA-and cry-independent pathway (Figures 2B and 2E) [28] . We then tested flies lacking Rh1 (encoded by ninaE) in the same norpA P41 cry b background and found that they, too, are not able to resynchronize to LD cycles, suggesting that Rh1 can also signal independently of norpA ( Figure 2C ). In order to identify where the norpA-dependent and norpA-independent transduction pathways diverge, we analyzed Gq 1 mutant flies in the background of the norpA P41 cry b double mutant. These mutants also failed to resynchronize to the shifted LD cycle, indicating that the signaling pathways diverge after activation of Gq and before activation of the norpA-encoded PLC-b (Figure 2D ). We note that removal of Rh7 did not further impair re-synchronization in flies lacking norpA and cry function, indicating that the phenotypes described earlier are specific for Rh1, Rh5, Rh6, and Gq [27] . To better visualize re-synchronization of the activity peaks, we also plotted the average daily activity before the shift and during the final 3 days before release into DD next to the actograms. While, in norpA P41 cry b flies, the main evening activity peak before and after the shift occurs almost at the same time with relation to the LD cycle, the activity peak in the various rhodopsin and Gq mutants does not shift or only shifts minimally (Figures 2A-2D ). We also quantified this behavior by determining the daily shift of the activity peak, again revealing no, or minimal, behavioral adjustment to the delayed LD cycle in the rhodopsin and Gq mutants ( Figure 2E ; STAR Methods).
norpAand cry-Independent Light Signaling Targets the s-LNv Pacemaker Neurons
The ability of norpA P41 cry b double mutants to resynchronize activity rhythms to LD cycles is presumably mediated by molecular oscillations in at least some of the clock neurons that are known to control these rhythms. Indeed, a previous study showed that PER oscillations in the s-LNvs of norpA P41 cry b flies are synchronized during LD cycles [20] . Therefore, we determined whether PER oscillations could be synchronized by LD cycles (at constant temperature) in clock neurons of norpA P41 cry b flies and in flies that additionally lacked rhodopsins or Gq. In agreement with the previous study [20] , norpA P41 cry b double mutants maintain robust PER oscillations during the LD cycle in the s-LNvs. Indeed, we show here that, in contrast to the l-LNvs, the four PDF-expressing s-LNvs and the fifth PDF-negative s-LNv maintain light-synchronized oscillations in norpA P41 cry b (Figures 3A-3D ). In contrast, flies lacking additionally Rh5 and Rh6, as well as those lacking Gq, do not show rhythmic accumulation of PER, presumably due to the lack of light-mediated degradation during the day (see high PER levels at zeitgeber time [ZT] 10 in Figure 3 ). We also analyzed PER levels in s-LNvs at normal peak (ZT22) and trough (ZT10) time points in flies lacking Rh1, in addition to PLC-b and CRY, and again saw maintained high PER levels at ZT10, suggesting a block of light-dependent degradation ( Figure 3 ). We also determined PER levels in the other clock neuronal groups but did not observe any consistent differences between norpA P41 cry b flies and those lacking rhodopsins or Gq in addition ( Figure S2 ). These results strongly suggest that the main target for the norpA-and cry-independent light input are the PDF + and PDF À s-LNvs and that light-synchronized oscillations in these neurons are responsible for the behavioral synchronization of norpA P41 cry b flies.
Rh5 and Rh6 Dominate the Residual ERG Responses in norpA Mutant Flies
Our results indicate a norpA-and cry-independent role for Rh1, Rh5, Rh6, and Gq in behavioral and molecular light resetting of the Drosophila clock. All of these genes and proteins are expressed in the retinal photoreceptors; Rh1 is expressed in the outer photoreceptor cells R1-R6; Rh5 and Rh6 are expressed in the inner R8 cells; and Gq is expressed in all photoreceptors. In addition Rh6 is expressed in the H-B eyelet, e.g [35] , but although the Rh5 promoter is also active in this structure, Rh5 protein could not be detected in the eyelet [25, 28] . Therefore, we speculated that the most relevant tissue for the circadian clock function of Rh1, Rh5, Rh6 and Gq was the retina. In an attempt to demonstrate the involvement of retinal rhodopsins in norpA-independent phototransduction, we performed ERG recordings with flies lacking norpA as well as several rhodopsins and Gq. All genotypes carrying norpA P41 were also mutant for cry (i.e., they were the same lines we used for the behavioral analysis), though it has recently been reported that the lack of CRY does not influence the ERG [36] . (D) Quantification of the position of the evening peaks for the three genotypes for each day of the experiment. While wild-type flies move their evening peak by 5 hr on the first day and 0.8 hr on the second day of the phase shift, norpA P41 mutants need almost 2 days to move their evening peak by 5.6 hr (3 hr on the first day and 2.6 hr on the second). cry mutants shift 5.6 hr in 5 days (1.9 hr on the first day, 1.8 hr on the second, 0.7 hr on the third, 0.4 hr on the fourth, and 0.8 hr on the fifth). y w, n = 58; norpA P41 , n = 31; y w;; cry b , n = 56. See also Figure S1 . norpA P41 is a true loss-of-function allele [28] and was reported to lack all ERG responses to light [37] ( Figure 4A ). Upon closer inspection, however, small (<1 mV) ERG responses to bright illumination are detectable in norpA P41 mutant flies (Figures 4B and 4C). As an extracellular potential, photoreceptor depolarization in the ERG is manifested as a maintained hyperpolarizing (negative) response, while positive-going ''on'' and negative-going ''off'' transients reflect transient activation of postsynaptic interneurons. In norpA P41 , a small maintained hyperpolarization of up to $1 mV was detected in response to a 2-s bright step of light, which then decayed very slowly ( Figures 4B, 4C , and S1C). Surprisingly, this response was largely unaffected (if anything, slightly enhanced) in norpA P41 ninaE 17 double mutants lacking visual pigment in the major R1-R6 class ( Figures 4B and 4C ). By contrast, in norpA P41 Rh5 2 Rh6 1 treble mutants lacking visual pigment in all R8 cells, the negative-going ERG was largely abolished, leaving a small, predominantly positive-going response ( Figures 4B and 4C ). This suggests that the R8 cells contribute Table S1 for exact numbers).
Error bars indicate SEM. See also Figure S2 and Table S1. most of the receptor component of the residual ERG in norpA P41 flies. ERG responses in norpA P41 Gq 1 were similar in amplitude compared to norpA P41 alone, but the duration of the response was significantly shortened ( Figures 4B and 4D ). This shows that Gq influences the duration of the norpA-independent residual ERG response, in line with observations from whole-cell patch-clamp recordings from R1-R6 photoreceptors [38] . While the underlying physiological mechanisms for these effects are not known, the results, nevertheless, indicate an involvement of Rh5, Rh6, and Gq in the norpA-independent ERG response.
PLC21C-Encoded PLC-b Participates in Circadian Light Resetting and ERG Responses
A candidate for the alternative Gq target is PLC21C, the second PLC-b encoded in the Drosophila genome. PLC21C is enriched in heads and the CNS [39] , and we show here that Plc21C mRNA is also expressed in the retina ( Figure 5A ). To test whether Plc21C participates in norpA-independent circadian photoreception, we combined the Plc21C P319 allele with norpA P41 and cry b . Plc21C P319 is a strong hypomorphic allele, which drastically reduces the amplitude of electroantennogram recordings in response to odor stimulation [39, 40] . Surprisingly, the treblemutant flies did not synchronize to shifted LD cycles, similar to introducing Gq 1 , ninaE 17 , or Rh5 2 Rh6 1 into the same background ( Figures 5B and 5D ; compare to Figure 2 ). To confirm that Plc21C and Gq operate in the same pathway, we also tested the lightresetting ability of transheterozygous norpA P41 Gq 1 /Plc21C P314 cry b flies. Although these flies carry one wild-type copy of the Gq and Plc21C genes, they are not able to resynchronize to the shifted LD cycle, demonstrating that both genes genetically interact and strongly indicating that Gq activates PLC21C (Figures 5C and 5D ). The same strategy (with identical alleles) has been used previously to demonstrate that Gq activates Plc21C in the olfactory system [41] . Next, we performed ERG recordings from norpA P41 Plc21C P319 cry b flies and found that, similar to norpA P41 Rh5 2 Rh6 1 cry b flies, they only showed a small positive-going response to brief light pulses ( Figures 5E and 5F) . These data suggest that Plc21C contributes to circadian light resetting and norpA-independent ERG response, presumably in response to Rh5/Rh6-mediated activation of Gq.
DISCUSSION
The daily environmental changes of light and darkness arguably represent the most reliable circadian clock resetting cue for all organisms exposed to these natural LD cycles. Not surprisingly, various photoreceptors and photopigments contribute to light synchronization in plants and animals, with multiple light-input pathways existing within one species, e.g [20, 41, 42] . In Drosophila, next to the well-established role of the blue light photoreceptor CRY, expressed within subsets of the circadian clock neurons, the visual system also contributes to daily light resetting, e.g [4, 20] . Contribution of the visual system involves canonical rhodopsin signaling, which depends on norpA-encoded PLC-b, and which is important for synchronization to low-light LD cycles [4, 22] . On the other hand, Rh5 and Rh6 have been shown to be part of a norpA-independent pathway, contributing to the synchronization of medium-intensity-light LD cycles ($400 lux) and suggesting the existence of non-canonical rhodopsin phototransduction in Drosophila [28] . Here, we demonstrate that Rh1, Rh5, Rh6, Gq, and Plc21C are required for light synchronization of molecular and behavioral circadian rhythms in the absence of CRY and canonical visual phototransduction.
Molecular Synchronization by Light in the Absence of CRY and Canonical Phototransduction
Ultimately, all resetting cues that have the potency to stably synchronize clock-controlled behavioral rhythms must affect the molecular oscillations in at least a subset of the clock neurons. The main target of light signals is the clock protein TIM, which is degraded after light-dependent interaction with the photoreceptor CRY and the F-box protein JET [5, 8-10]. However, CRY is only expressed in about 50% of the $150 clock (C) Summary of response amplitudes averaged over the last 500 ms of the 2-s flash. Responses in norpA P41 ; Rh5 2 ; Rh6 1 were significantly (p = 0.005) more positive than norpA P41 controls. Other genotypes were not significantly different (one-way ANOVA with Dunnett's multiple comparison).
(D) Summary of response amplitudes averaged between 2 and 4 s after termination of the stimulus. Responses in norpA P41 ; Gq 1 recovered significantly more quickly (p = 0.002). All genotypes were also homozygous for the cry b allele, but CRY does not influence the ERG response [36] . See also Figure S1C .
neurons in the fly brain [43, 44] , and light-dependent synchronization of clock protein cycling still occurs in some of clock neurons in cry mutants, including the s-LNv, LNd, and DN1 neurons that normally express cry [4, 20, 23, [30] [31] [32] 45] . Furthermore, TIM is CRY-independently degraded in s-LNv and LNd clock neurons after artificial excitation of the PDF + LNv [46] . This degradation requires PDF signaling from s-LNv to LNd and the E3 ubiquitin ligase CUL-3, which is also required for TIM degradation in constant darkness [46, 47] . Taken together, these findings show that both light-dependent and light-independent TIM degradation mechanisms exist, which do not depend on CRY and, presumably, are responsible for the synchronized TIM and PER oscillations in norpA cry double mutants. Here, we reveal that light-synchronized PER oscillations in the four PDF + s-LNvs and the PDF À fifth s-LNv are abolished by blocking norpA-and cry-independent photoreception. In other words, we show that Rh1, Rh5, Rh6, and Gq are part of the CRY-independent molecular resetting mechanism targeting the s-LNv pacemaker neurons. Interestingly, CRY-independent light-synchronized oscillations in the fifth s-LNv, but not in the PDF + s-LNvs, depend on PDF signaling [30, 32, 45] . This means that the rhodopsin-and Gq-dependent (but norpA-independent) mechanism signals light information most likely directly to the PDF + s-LNv, resulting in CRY-independent molecular clock resetting in all s-LNvs.
Role of PLC21C in Rhodopsin-Mediated Phototransduction
We show here that the norpA-independent pathway depends on Gq, which is also central to the canonical phototransduction pathway. This means that downstream of Gq activation by Rh5, Rh6, and Rh1, alternative effector molecules signal light information to the circadian clock neurons. Our data suggest that the alternative Gq target is PLC21C, the second PLC-b encoded in the fly genome [39] . This is a surprising finding, because PLC21C has not previously been implicated in photoreceptor function, although it has been shown to function in olfactory signal transduction in the antennae downstream of Gq [40] . In addition, Plc21c is expressed in the CNS and, presumably, within subsets of the clock neurons (the PDF expressing LNv), where this enzyme has recently been implicated in light resetting of the circadian clock by brief light pulses [26] . Ni et al. (2017) suggest that PLC21C is activated by Rh7, which, they show, is expressed in the LNv contributing to clock resetting after exposure to brief light pulses. Nevertheless, Rh7 mutants do not show any re-synchronization defects when exposed to shifted white-light LD cycles, as we applied here [27] . Rh7 mutants also did not increase the synchronization deficits of single cry or norpA cry double mutants [27] , showing that Rh7 does not contribute to norpA-independent light resetting. Moreover, PLC21C has been shown to act downstream of Go . norpA P41 ; Plc21C P319 /+ heterozygotes also showed a reduced hyperpolarizing component, though this was only marginally significant on this sample (p = 0.06). See also Figure S1 .
in LNvs to set the (light-independent) free-running period length to 24 hr in response to GABAergic input [48] . Considering the LNv-specific and light-independent functions associated with PLC21C, combined with its known role in olfactory sensory neurons, the new role for this enzyme in the norpA-independent light-input pathway was unexpected and warrants further investigation.
Which Photoreceptor Cells Utilize the Novel Transduction Pathway?
Based on our behavior and molecular light-resetting results, it is likely that the Rh1-expressing photoreceptor cells R1-R6, as well as the Rh5-and Rh6-expressing R8 photoreceptors, contribute to norpA-independent clock resetting. It is also possible that the R7 cells expressing the UV-sensitive opsins Rh3 and Rh4, as well as blue-light-sensitive Rh2-expressing ocelli, participate in norpA-independent light synchronization, but to test their contribution, experiments need to be performed with the specific light spectra in contrast to the white LED light regime used in the present study. The neuronal connection between the retinal photoreceptors and the circadian clock neurons is currently unknown, but presumably is indirect; e.g [12] . In addition to the R8 cells, 4 photoreceptive cells constituting the H-B eyelet express Rh6 and have been implicated in light signaling to the circadian clock [20, 23, 25, 28] . In fact, a recent study revealed direct synaptic contacts between the H-B eyelet axons and the dendritic fields of the LNv neurons [35] . Moreover, artificial excitation of all Rh6-expressing cells resulted in Ca 2+ and cyclic AMP (cAMP) increases in the PDF + s-LNv, but not the l-LNv, consistent with our results showing that Rh6 contributes to molecular clock resetting in the s-LNv [35] (Figure 3 ). Therefore, we conclude that, most likely, both retinal and H-B eyelet photoreceptors utilize norpA-independent light signaling, targeting the s-LNv.
norpA-Independent Features of the ERG Responses
Removal of Rh5 and Rh6 function strongly attenuated the residual hyperpolarizing component of the ERG responses of norpA mutants to bright white-light flashes, suggesting that the R8 cells substantially contribute to the remaining light sensitivity in the absence of norpA. It also suggests that this remaining sensitivity contributes to both behavioral and molecular light resetting of the circadian clock (Figures 2 and 3) . Removal of Gq also affected the norpA ERG: although the kinetics and degree of the initial negative response, reflecting depolarization of the (R8) photoreceptor cells, were similar in norpA single and norpA Gq double mutants, responses lasted considerably longer in the single mutants ( Figures 4B and 4D ). Although we would have expected a stronger effect on the initial response, our results show that a Gq-dependent component contributes to the residual light responses of norpA mutants, and it is possible that this Gq function correlates with the role of Gq in behavioral and molecular synchronization (Figuress 2 and 3) . The weaker effects (compared to Rh5 and Rh6 removal) could be explained by the fact that the Gq 1 allele is a severe hypomorph [49] , whereas Rh5 2 and Rh6 1 alleles are true loss-offunction mutants. Also, we cannot rule out the possibility that part of the residual norpA ERG sensitivity is independent of Gq, although the severe phenotype observed in Plc21C mutants suggests that it solely depends on Gq activation by Rh5 and Rh6.
Requirement of Rh1, Rh5, and Rh6 for Molecular and Behavioral Synchronization Surprisingly, removal of Rh1 did not noticeably alter the residual norpA ERG response ( Figure 4B ), suggesting that the fly's major rhodopsin signals almost exclusively via norpA-encoded PLC-b. But why did we observe a norpA-independent function for Rh1 in behavioral and molecular synchronization (Figures 2  and 3) ? The ninaE 17 cry b and Gq 1 cry b flies also carry the spineless 1 (ss 1 ) allele, and loss-of-function ss alleles have been shown to drastically reduce Rh4 and Rh6 expression in R7 and R8 cells, respectively [50] . In principle, this raises the possibility that the lack of synchronization observed in both genotypes could be caused by a reduction in Rh6 rather than the loss of Rh1 or reduction in Gq. However, ss 1 is a weak allele, and although Rh6 expression has not been investigated, it shows only a mild reduction of Rh4 expression in R7 cells (data not shown); also, it does not show the antennal transformations and tarsal deletions associated with strong ss alleles [51] . In addition, we found no difference in the slow-synchronization phenotype between norpA P41 cry b mutants with and without ss 1 (Figure S3 ), unlike norpA P41 Rh6 1 cry b mutants, which show a decrease in synchronization speed compared to norpA P41 cry b [20, 29] . Taken together, we are therefore confident that the behavioral and molecular synchronization defects observed in norpA P41 ninaE 17 ss 1 cry b and norpA P41 Gq 1 ss 1 cry b flies are, indeed, caused by the lack or reduction of Rh1 and Gq, respectively.
Although we see a correlation between the circadian assays and the ERG recordings with regard to Rh5, Rh6, Gq, and PLC21C function, it is questionable to what extent results obtained from the two assays are related. For example, ERGs are responses measured to a 2-s flash of bright light, whereas the circadian assays apply 12-hr:12-hr ramped LD cycles, with light intensities ranging from 0 to 180 lux. There could, however, be a physiologically more interesting explanation for the discrepancy that we observe between the experiments involving removal of Rh1. Namely, the lack of molecular and behavioral synchronization suggests that that integration of signals from both R1-R6 and R8 is required for circadian clock entrainment to occur. This might be implemented either by a common downstream interneuron or, for example, by R1-R6 signals being fed into R8, which would then, in effect, also be acting as an interneuron (although these signals would presumably have to be ''silent'' at the level of the ERG to explain the lack of effect in the norpA P41 ninaE 17 double mutant). Such a situation would have interesting parallels with circadian entrainment in mammals, which is mediated both by melanopsin-expressing, intrinsically light-sensitive retinal ganglion cells (RGCs) and by the rods and cones [42] . Interestingly, the RGCs act both as photoreceptor cells and as interneurons for propagating the rod and cone signals.
Conclusions
We have shown that non-canonical phototransduction involving Rh1, Rh5, Rh6, Gq, and PLC21C can contribute to circadian clock resetting in Drosophila in the absence of NORPA. This novel pathway targets a specific subgroup of clock neurons, the s-LNvs, and synchronizes clock protein oscillations in these cells independent of the cell-autonomous circadian photoreceptor CRY. Remarkably, except for Rh1, the same factors also contribute to residual, norpA-independent, visual system light sensitivity to brief flashes of light, highlighting the versatility and biological significance of this novel pathway.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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METHOD DETAILS
Behavior analysis 3 to 5 day old male flies were individually recorded using the Drosophila Activity Monitor System (DAM2; Trikinetics) in tubes containing food consisting of 2% agar and 4% sucrose. The monitors were located inside a temperature-controlled incubator, where cold white LED strips (5050 surface-mount device cool white LED strips, 3000-4000 K, Figure S1B ) were attached. The LEDs were controlled using an Arduino with a custom made shield, enabling the Arduino to switch the lights on and off in conjunction with an open source desktop app [58] . As shown in Figure S1 lights were ramped for 2 hours from 0 to 60 mWatt/cm 2 ($180 lux) at the beginning of the day and in the opposite direction in the evening. For the first 4 days, the flies were kept at the same regime that they were raised in, with the addition of a temperature cycle of 25 C during 'lights on' and 16 C during 'lights off'. On the last day before the change, the temperature was kept constant at 25 C. On that day, the night was prolonged by 6 hours. The flies were in the new regime for 7 days, after which they were released into DD for another 5 days. The actograms and histograms were generated in MATLAB using the flytoolbox [57] . The histograms of the second LD phase were done from the data of the last 3 days, to avoid any transients. The quantification of the phase was done as in [28] , where in a custom made Excel macro, individual histograms for each day were assessed to determine the evening activity peak. The averages, SEM and plotting of the results were done in R.
